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Abstract 
This paper presents a novel method to measure the local thickness of silicon wafers spatially resolved. A camera 
detects the transmission of infrared radiation through a silicon wafer, which transforms to a local thickness map. 
Experiments with String Ribbon solar cells show that the local contact resistance depends on the local wafer 
thickness. The high resolution thickness map is therefore transformed into a local contact resistance map. A 
3D-multi-diode array models the efficiency loss due to an inhomogeneous contact resistance. The fill factor loss 'FF
due to the thickness deviation of solar cells amounts up to 'FF = -1 %abs, or an efficiency loss 'Ș = -0.2 %abs.  
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1. Introduction 
The specification of as-cut crystalline silicon wafers allows, especially in the time of wafer shortage, 
thickness deviation up to 'w = 50 μm, the difference between thinnest and thickest point within a wafer. 
Due to the growth directly from the silicon melt, String Ribbon wafers [1] show in extreme cases a local 
thickness deviation up to 'w = 300 μm throughout the wafer. The wafer edges near the strings are 
intentionally grown thicker to provide more stability during crystallization and to avoid peeling from the 
strings [2]. 
Unfortunately, especially fast high temperature processes as e.g. co-firing are sensitive to differing 
wafer thicknesses. During high temperature co-firing, the metal front contact sinters into the silicon wafer 
forming an ohmic contact. Already a slightly differing wafer thickness results in a differing temperature 
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due to the thermal capacity of silicon. Further, the specific contact resistance depends on the firing 
temperature vs. time profile, and the peak temperature Tpeak. 
This paper presents a novel method to determine the spatially resolved local wafer thickness wloc and 
therefore the thickness deviation with a fast optical measurement. The combination with the transfer 
length method [3] allows identifying the dependence of the contact resistance Uc on the local wafer 
thickness wloc for industrial type String Ribbon silicon solar cells. A 3D-multi-diode array models the 
effect of an inhomogeneous contact resistance Uc due to the local thickness deviation on the solar cell 
efficiency K. We observe a severe decrease in fill factor up to 'FF = -1 %abs and a solar cell efficiency 
reduced by 'Ș = -0.2 %abs for silicon solar cells with a thickness standard deviation Vw = 50 μm compared 
to homogeneous flat solar cells. 
2. Experimental 
2.1. Local thickness maps 
Figure 1 (a) shows the novel measurement setup for local wafer thickness mapping. A background 
illumination consisting of an LED array with maximum wavelength Omax = 950 nm shines through a 
wafer. An infrared camera takes a picture of the transmitted radiation with a resolution of 160 x 160 μm2 
per pixel. This results in a map of the local transmission rate Tloc. The effective transmission 
 
 
 
of radiation with a certain spectrum s(O) through a silicon wafer results from integration over the spectral 
range of the transmission of monochromatic radiation [4] and depends on the thickness of the wafer. 
Therefore, the measurement of the transmission T allows the determination of the wafer thickness w. 
Neglecting multiple internal reflections for this evaluation leads to an underestimated apparent thickness 
for wafers thicker than w = 200 μm. Therefore multiple internal reflections are taken into account. 
Fig. 1 (a): Measurement setup for local thickness maps: A background LED illumination shines through a silicon wafer. An infrared 
camera takes a picture of the local transmission rate Tloc. The local thickness wloc is calculated from the local transmission rate Tloc. 
(b) Local thickness distribution and histogram of a typical String Ribbon wafer. The middle of the wafer is much thinner than the 
edges. Some crystals are much thicker or thinner than the surrounding crystals. The mean thickness wmean of this wafer is about 
wmean = 120 μm, whilst the thickness standard deviation Vw is about Vw = 30 μm. 
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According to equation (1) local variation of the surface reflection R from grain to grain in the range of 
R = 30 % to 35 % effect the measured transmission and result in a theoretical accuracy 'w = ± 5 μm of 
the measurement setup. Free carrier absorption from differently doped areas within the wafer can be 
neglected due to the restricted width of the used spectrum. At maximum wavelength Omax = 1000 nm the 
free carrier absorption coefficient Dfca amounts between Dfca = 810-3 cm-1 and 3010-3 cm-1 [5] in the 
used wafer doping range. This value is three magnitudes smaller than the intrinsic absorption coefficient 
Dint = 64 cm-1.
Figure 1 (b) shows a typical thickness map of a String Ribbon wafer with a mean thickness 
wmean = 120 μm determined by weighting the wafer. The middle of the wafer is much thinner than the 
edges. Some crystals, however, are thicker or thinner than the surrounding crystals. All String Ribbon 
wafers tend to show thicker edges due to the growth process directly from silicon melt 
2.2. Contact resistance 
The contact resistance between metallization and emitter depends on the wafer temperature during co-
firing. The wafer temperature depends on the firing peak temperature Tpeak and therefore on the wafer 
thickness. The combination of the well-known transfer length method (TLM) with the novel thickness 
maps allows identifying the dependence of the contact resistance Ucon the local wafer thickness wloc. For 
our investigation, we perform two experiments: First, String Ribbon solar cells with mean thickness 
wmean = 180 μm are co-fired at different peak firing temperatures Tpeak to investigate the effect of 
temperature Tpeak on contact resistance Uc. Second, String Ribbon solar cells with varying mean 
thicknesses wmean = 110 μm to wmean = 220 μm are co-fired at optimum peak temperature Tpeak = 760 °C 
for wmean = 130 μm thin wafers. 
All solar cells stem from an industrial type process performed at ipe basing on String Ribbon silicon 
wafers with a size of 80 x 150 mm². The solar cells are produced with a P-diffused 60 Ohms/sq emitter, a 
plasma enhanced chemical vapor deposited silicon nitride antireflection and passivation layer, screen 
printed and co-fired silver front grid, a full area aluminum rear side, and, finally, a laser edge isolation. 
Figure 2 (a) shows an empirically found quadratic dependence of the specific contact resistance Uc on 
the set firing temperature Tpeak,set. The contact resistance measured with TLM also shows a quadratic 
increase with increasing temperature difference 'T = Topt – T to the optimum firing temperature. Hilali [6] 
proposed a maximum contact resistance Uc = 3 m:cm2 in order for Uc not to decrease the solar cell 
efficiency K, which we did not achieve throughout the whole String Ribbon wafer with co-firing. 
Figure 2 (b) shows the mean value of a Corescan map [7], a measure for the contact resistance Uc, 
which increases quadratically with the mean wafer thickness wmean. Unfortunately, the emitter sheet 
resistance Rsh is superimposed on the Corescan value and does not allow a direct conversion to a specific 
contact resistanceUc. 
These results guide to the examination of the dependence of local specific contact resistance Uc,loc on 
local wafer thickness wloc measured with the infrared transmission setup. For this purpose we measure the 
contact resistance Uc with the transfer length method at approx. 300 points on a solar cell. The co-firing 
settings were optimized for a mean thickness of wmean = 210 μm. While the thinner areas in the middle of 
the wafer, which see a too high temperature show an increased contact resistanceUc, the thicker areas at 
the edge of the wafer which are in the optimum thickness range show a lower contact resistanceUc. 
Figure 3 compares the contact resistance dependence Uc (wmean) on the mean wafer thickness wmean with 
the dependence on the local wafer thickness wloc, whereas the dependency on the mean thickness wmean is 
more pronounced. The lateral heat transport distributes the heat over the solar cell, but due to the very 
short co-firing process time does not lead to the same temperature on the whole wafer. The measured 
points in different colors stem from different wafers with equal process conditions. 
464  K. Carstens et al. / Energy Procedia 8 (2011) 461–466
800 790 780 770 760 750
0
10
20
30
40
50
60
70
  Set firing temperatur Tpeak,set [°C]
S
pe
ci
fic
 c
on
ta
ct
 re
si
st
an
ce
 U
c [
m
:
cm
2 ]
Uc,max for good 
electric contact 
 
quadratic 
relation
U
c
~T
peak
2
 
Fig. 2 (a) Contact resistance UC between silver front grid and solar cell emitter measured by transfer length method depends 
quadratically on the firing temperature Tpeak. It is not possible to achieve a contact resistance below Uc = 3 m:cm2throughout the 
whole wafer in order for Uc not to decrease the solar cell efficiency K. (b) The contact resistance depends on the wafer thickness for 
constant firing parameters. The mean Corescan value, a measure for the contact resistance, increases quadratically with the mean 
wafer thickness wmean. The minimum determines the optimum firing thickness wopt. 
Fig. 3: The local contact resistance Uc measured with TLM depends on the local wafer thickness wloc measured by means of infrared 
transmission. The comparison shows the contact resistance dependence on the mean wafer thickness wmean as well as on the local 
wafer thickness. The dependency on the mean thickness wmean is more pronounced, because lateral heat transport distributes the 
temperature over the solar cell, but does not lead to the same temperature on the entire wafer.  
3. Simulation 
The local thickness wloc influences the local contact resistance Uc,loc which then influences the solar cell 
performance. In order to estimate the effect of local thickness deviation we use an advanced multi-diode 
model similar to Grabitz [8] to simulate the effect of lateral contact resistance inhomogeneity. 
Figure 4 shows the multi-diode model consisting of many equivalent circuit diagrams of one-
dimensional solar cells wired via emitter sheet resistances Rsh, contact resistances Rc, and line resistances 
of the metallization Rg and Rbb. A spice simulator calculates the current-voltage-characteristic and the fill 
factor. 
Figure 5 (a) presents the results of the simulation. In a first approach, we approximate the variation in 
the String Ribbon wafer thickness by a step function: While the wafer edge area of 1 cm each side shows 
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an increased thickness, the 4 cm wide wafer middle is reduced in thickness so that the wafer shows a 
mean thickness wmean = 130 μm. By thickening the wafer edge and reducing the thickness in the middle of 
the wafer the thickness standard deviation Vw increases. The mean thickness for all simplifications stays 
wmean = 130 μm. The specific contact resistance Uc depends on the local wafer thickness wloc according to 
the dependence extracted from TLM measurements in Figure 3. The efficiency K decreases for increasing 
thickness standard deviation Vw due to the decrease of the fill factor FF. In a second approach we use 
measured thickness maps as input for the simulation. These simulation results fit properly to the results of 
the simplified thickness distribution, which means that the fill factor loss 'FF is only determined by the 
standard deviation Vw and not by the spatial distribution of thickness. The loss in fill factor up to  
'FF = -1%abs results in an efficiency loss up to 'K = -0.2%abs compared to a homogeneous flat wafer. A 
measure for the loss of the fill factor is the difference between the maximum possible fill factor 
 
 
 
proposed by Green [9] and the measured fill factor FFmeas. Open circuit voltage is abbreviated with Voc, 
the elementary charge with q, ideality factor with nid, Boltzmann constant with kB and the temperature 
with T. This difference 'FF = FF0 - FFmeas ignores the varying material quality.  
Figure 5 (b) shows this difference of FF0 and FFmeas plotted over the thickness standard deviation. 
Near the optimum firing conditions, wmean = 130 μm, the fill factor loss 'FF = -0.2% is similar to the 
simulated loss in Fig. 5 (a) when the standard deviation Vw is increased from Vw = 28 μm to Vw = 40 μm. 
The influence of the thickness deviation Vw increases for not optimum firing parameters, which is 
noticeable in a larger slope. Only a tendency is visible because of the lack of many measurement points. 
Fig. 4: 3D multi-diode model. The 1D-equivalent circuit of a solar cell consists of a current source, a diode and a parallel resistance 
in parallel circuit and one additional series resistance. For simulation of the thickness deviation influence on solar cell performance 
many of these 1D-solar cells form a 3D multi-diode model. They are interconnected by the emitter sheet resistance Rsh. A local 
contact resistance Rc provides the connection between Emitter and the metallization resistances Rg and Rbb. A spice simulator 
calculates the I-V-characteristic and extracts the fill factor. 
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Fig. 5(a): Fill factor and efficiency loss due to deviation of thickness. The solar cell performance decreases independently from the 
spatial distribution and depends only on the thickness standard deviation Vw. The loss of the fill factor up to 'FF = -1% results in an 
efficiency loss up to 'K = -0.2% for a thickness standard deviation Vw = 40 μm compared to a homogeneous flat solar cell. (b) The 
difference of FF0 and FFmeas is a measure for the fill factor loss compared to the theoretical optimum fill factor determined by the 
material quality. The fill factor loss for wmean = 140 μm thick solar cells is nearly the same as predicted by the simulation in Fig. 7 
(a) for an increasing standard deviation from Vw = 28 μm to Vw = 40 μm. For not optimized firing conditions, 120 μm or 160 μm, 
the influence of thickness deviation on solar cell efficiency increases. This is visible in a larger slope. 
4. Conclusion 
In conclusion we have presented a novel method to measure the silicon wafer thickness by means of 
infrared transmission, leading to so-called wafer thickness maps. This measurement allows the analysis of 
the local thickness dependent solar cell parameters, e.g. the contact resistance Uc. The specific contact 
resistance Uc of screen printed co-fired Ag front contact grid to the solar cell emitter shows a quadratic 
dependence on the mean wafer thickness wmean as well as on the local wafer thickness wloc due to local 
temperature deviations on the wafer. The multi-diode model simulation results in a fill factor loss up to 
'FF = -1%abs. The results are independent from the actual spatial thickness distribution, but only 
dependent on the thickness standard deviation Vw. The tendency of this fill factor loss 'FF is measurable 
by the difference between the maximum possible fill factor FF0 and the measured fill factor FFmeas. The 
method applied here is not restricted to String Ribbon wafers. As the efficiency loss depends on the 
thickness standard deviation Vw, it is also valid for e.g. wedge shaped wire sawed wafers. 
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